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Introduction {#sec001}
============

Diabetes mellitus is characterized by chronic hyperglycemia, and is often associated with obesity. Glucagon, a counter-regulatory hormone to insulin, is one of the most important regulators of glucose homeostasis. It has been recognized that the concerted actions of insulin and glucagon keep plasma glucose levels normal, and that any imbalance in the actions of these molecules can contribute to an increased demand for insulin, impaired glucose tolerance, and persistent hyperglycemia in type 2 diabetes \[[@pone.0138322.ref001]\]. Under normal physiological conditions, serum glucagon concentration immediately decreases after a meal, whereas in subjects with type 2 diabetes, it can even be found to be elevated after a meal \[[@pone.0138322.ref002]--[@pone.0138322.ref004]\]. It has therefore been recognized that inappropriate glucagon secretion is at least in part responsible for the pathophysiology of diabetes mellitus \[[@pone.0138322.ref005], [@pone.0138322.ref006]\].

The main physiological role of glucagon is to stimulate hepatic glucose output in order to maintain glucose homeostasis \[[@pone.0138322.ref007]\]. The physiological role of glucagon in glucose homeostasis has been investigated in animal models where glucagon signaling was blocked at the receptor level by either genetic or pharmacological means: Glucagon receptor knockout mice (*Gcgr* ^-/-^ mice) had lowered plasma glucose levels without exhibiting hypoglycemia \[[@pone.0138322.ref008], [@pone.0138322.ref009]\], whereas treating the animals with glucagon receptor antagonists reduced blood glucose levels in various rodent models \[[@pone.0138322.ref010], [@pone.0138322.ref011]\]. Furthermore, the role of glucagon has been investigated in the pathophysiology of metabolic disorders, where absence of glucagon action was shown to ameliorate diet-induced obesity and diabetes. For example, pharmacological blockage of glucagon receptor signaling was shown to improve glucose metabolism in animals that were fed a high-fat diet (HFD) \[[@pone.0138322.ref012]\]. Similarly, *Gcgr* ^-/-^ mice were found to be resistant to HFD-induced obesity because of reduced energy intake \[[@pone.0138322.ref013]\]. However, both glucagon and glucagon-like peptide-1 (GLP-1) are derived from a common precursor, proglucagon, and these animals exhibited elevated levels of circulating glucagon-like peptide-1 (GLP-1) as a consequence to compensate glucagon deficiency. Therefore, the role of glucagon and GLP-1 and their contribution to the pathophysiology of diabetes and obesity remain to be fully clarified.

Obesity is now recognized as a major epidemic and is associated with diseases such as metabolic syndrome, type 2 diabetes mellitus, and atherosclerotic cardiovascular disease \[[@pone.0138322.ref014]\]. Disturbing the balance between energy intake and energy expenditure plays a crucial role in the pathogenesis of obesity. The capacity for increased thermogenesis through brown adipose tissue (BAT) activation is important for body weight homeostasis \[[@pone.0138322.ref015]\]. In addition, the development of inducible brown-like adipocytes (also referred to as "brite" or "beige" adipocytes), in white adipose tissue (WAT) depots in response to certain stimuli has recently been reported, suggesting that these adipocytes have the potential to tilt the energy balance from storage to expenditure \[[@pone.0138322.ref016]\]. In response to various physiological and pharmacological stimuli, the expression of brown-fat-like genes such as uncoupling protein 1 (*Ucp1*), cell death-inducing DFFA-like effector a (*Cidea*) and deiodinase iodothyronine type II (*Dio2*) are induced in WAT. These changes in expression patterns contribute to adaptive thermogenesis and energy expenditure similar to those seen in classical BAT \[[@pone.0138322.ref016]\]. Glucagon is also involved in the control of energy expenditure and thermogenesis \[[@pone.0138322.ref017], [@pone.0138322.ref018]\].

We recently reported that homozygous glucagon-GFP knock-in mice (*Gcg* ^*gfp/gfp*^), which lack not only glucagon but also GLP-1 and GLP-2, are normoglycemic and display improved glucose tolerance with enhanced insulin secretion upon acute glucose loading \[[@pone.0138322.ref019], [@pone.0138322.ref020]\]. *Gcg* ^*gfp/gfp*^ mice exhibited cold intolerance and impaired thermogenesis in response to a cold stimulus \[[@pone.0138322.ref021]\]. To further understand the roles of proglucagon-derived peptides (PGDPs) in the pathophysiology of obesity and diabetes, we examined glucose and energy metabolism in *Gcg* ^*gfp/gfp*^ mice fed HFD.

Methods {#sec002}
=======

Animal studies {#sec003}
--------------

This study was performed according to a protocol approved by the Nagoya University Institutional Animal Care and Use Committee. The establishment of the glucagon-GFP knock-in mice backcrossed with C57BL/6J background for at least 12 generations have been previously described \[[@pone.0138322.ref020]\]. The mice were housed in a temperature-controlled room under a standard 12-h light/dark cycle. Five-week-old *Gcg* ^*gfp/gfp*^ and *Gcg* ^*gfp/+*^male mice were divided into two groups and fed either a normal chow diet (NCD, 12.6% energy content of fat; CE-2 from CLEA Japan, Osaka, Japan) or a high-fat diet (HFD, 56.7% energy content of fat; HFD32 from CLEA Japan) for 15--20 weeks. For GLP-1 supplementation experiments, GLP-1 receptor agonist liraglutide (200 mg/kg) was subcutaneously administered once daily during the final 4 weeks of HFD-feeding. Tissue samples were collected from mice that were fasted for 16 h or from mice that were fed for 6 h after a 16-h starvation period. *Gcg* ^*gfp/+*^ mice were used as control in the present study, as *Gcg* ^*gfp/+*^ and *Gcg* ^*+/+*^ mice do not differ in terms of glucose tolerance and hepatic gene expression patterns \[[@pone.0138322.ref019], [@pone.0138322.ref020], [@pone.0138322.ref022], [@pone.0138322.ref023]\].

Glucose tolerance test and insulin tolerance test {#sec004}
-------------------------------------------------

These tests were performed on mice that were fed a NCD or an HFD for 15 weeks, as described previously \[[@pone.0138322.ref024]\]. In brief, mice were deprived of food for 16 h, and 2 g/kg body weight of glucose was intraperitoneally administered (IPGTT). IPGTT in liraglutide-treated mice was performed after treatment for 2 weeks. For insulin tolerance test (ITT), five hours after food depletion and immediately before the experiments were carried out insulin was injected at a dose of 0.75 U/kg. Blood was collected at multiple time intervals to measure glucose and insulin levels by subzygomatic approach using goldenrod animal lancet. Alternatively, tale tip bleeding was also employed when only glucose level was measured.

Islet isolation, measurement of insulin, and morphometric analysis {#sec005}
------------------------------------------------------------------

Pancreatic islets were isolated using the collagenase digestion method and glucose-induced insulin secretion from isolated islets were carried out as described previously \[[@pone.0138322.ref019]\]. Briefly, sets of 5 islets similar in size were hand-picked from pooled isolated islets and incubated in the Krebs-Ringer buffer containing 2.8 mmol/L glucose for 30 min, groups of five islets were incubated in the Krebs-Ringer buffer containing 16.7 mmol/L glucose for 30 min. Insulin concentration in the buffer was analyzed and normalized to cellular insulin content. Immunohistochemistry and morphometric analysis were performed as described previously \[[@pone.0138322.ref019]\]. Briefly, the pancreata were fixed in 4% paraformaldehyde and embedded in paraffin. Tissue sections were incubated overnight at 4°C with primary antibodies against insulin (1:1000; Abcam plc, Cambridge, UK) or Ki-67 (1:250; Abcam) followed by a 90-min incubation with Alexa Fluor-conjugated secondary antibody (1:500; Alexa Fluor 488 or 1:1000, Alexa Fluor 568, Invitrogen, Grand Island, NY, USA) at room temperature. Images were taken using an HS BZ-9000 fluorescence microscope system (Keyence Corp., Osaka, Japan). For morphometric analyses, serial sections of 4--5 μm thickness were cut from each paraffin block at 200-μm intervals, and 4--5 sections were randomly selected from each mouse and immunostained for insulin and Ki-67. The insulin-positive cell areas relative to the sectional area or the number of Ki-67-positive cells relative to insulin-positive islet cells (3890±540 cells per mouse) were determined by the HS BZ-II analysis application and Image J software.

Determination of BAT triglyceride content and histological analysis in BAT {#sec006}
--------------------------------------------------------------------------

BAT triglyceride content was measured as previously described \[[@pone.0138322.ref024]\]. The BAT was fixed in 4% paraformaldehyde, and then embedded in paraffin. 4 μm sections were stained with hematoxylin andeosin (H&E staining). Representative images of H&E stained sections were captured using an Olympus BX53 system (Olympus Corporation, Tokyo, Japan).

Biochemical analysis {#sec007}
--------------------

Blood glucose levels were measured with Antisense III (Horiba Ltd., Kyoto, Japan). Plasma insulin levels were determined using a mouse insulin enzyme-linked immunosorbent assay kit (Morinaga-Seikagaku Co. Ltd., Yokohama, Japan). Insulin in the medium and its content was determined using the HTRF insulin assay kit (Cisbio Bioassays, Bagnols-sur-Cèze, France).

Energy balance {#sec008}
--------------

A comprehensive animal metabolic monitoring system (CLAMS; Columbus Instruments, Columbus, OH, USA) was used for 3 days. Energy expenditure and respiratory exchange ratios (RER) were calculated by measuring gas exchange rates. The respiratory exchange ratio was computed as carbon dioxide output (*VCO* ~*2*~) divided by oxygen consumption (*VO* ~*2*~). Physical activity was measured on the *x* axes by counting the number of brakes in an infrared beam during a measurement period.

Isolation of tissue RNA and quantitative real-time RT-PCR {#sec009}
---------------------------------------------------------

Total RNA was extracted from isolated islets, BAT and iWAT using RNAiso Plus reagent (Takara Bio Inc., Shiga, Japan) or the RNeasy Plus Kit (Qiagen Inc., Valencia, CA, USA). Complementary DNA was synthesized using a PrimeScript RT Master Mix (Takara Bio Inc.). Quantitative real-time RT-PCR was performed with the StepOne real-time PCR Systems (Applied Biosystems, Foster City, CA, USA) by using a THUNDERBIRD SYBR qPCR Mix (TOYOBO Co. Ltd, Osaka, Japan). The sequences of the primers used for the analyses are available upon request.

Statistical analysis {#sec010}
--------------------

Data are presented as means ± SEM. Significance was evaluated using Student's *t* test or ANOVA followed by post-test comparisons when applicable. Energy expenditure was analyzed by using ANCOVA with body weight as the covariate. A *p* value \< 0.05 was regarded as statistically significant.

Results {#sec011}
=======

Glucose metabolism {#sec012}
------------------

*Gcg* ^*gfp/gfp*^ and *Gcg* ^*gfp/+*^ mice were fed a NCD or an HFD for 15 weeks beginning at 5 weeks after birth. While decreases in blood glucose levels in response to insulin administration was impaired in both mice on an HFD (NCD vs HFD in both *Gcg* ^*gfp/+*^ and *Gcg* ^*gfp/gfp*^: p\<0.05 at 0, 30, 60 and 90 min after insulin administration), *Gcg* ^*gfp/gfp*^ mice exhibited lower glucose levels compared to *Gcg* ^*gfp/+*^ mice, indicating that insulin resistance in *Gcg* ^*gfp/gfp*^ mice was much less severe than in *Gcg* ^*gfp/+*^ mice ([Fig 1A](#pone.0138322.g001){ref-type="fig"}). Glucose tolerance, evaluated by IPGTT, was markedly impaired in both *Gcg* ^*gfp/+*^ and *Gcg* ^*gfp/gfp*^ mice on HFD ([Fig 1B](#pone.0138322.g001){ref-type="fig"}). In mice fed NCD, blood glucose levels in *Gcg* ^*gfp/gfp*^ was significantly lower compared to *Gcg* ^*gfp/+*^ at 30 and 60 minutes after glucose load. However, in mice fed HFD, no significant difference in blood glucose levels were observed between *Gcg* ^*gfp/+*^ and *Gcg* ^*gfp/gfp*^ at the same time points. Plasma insulin levels measured at 0 and 15 min after glucose loading were significantly increased in *Gcg* ^*gfp/+*^ mice on HFD compared to those on NCD, whereas such increase was not observed in *Gcg* ^*gfp/gfp*^ mice ([Fig 1C](#pone.0138322.g001){ref-type="fig"}). We further examined glucose-induced insulin secretion from isolated islets of HFD-fed mice, finding it to be significantly reduced in *Gcg* ^*gfp/gfp*^ mice in comparison with *Gcg* ^*gfp/+*^ mice ([Fig 1D](#pone.0138322.g001){ref-type="fig"}). These results suggest that HFD-induced changes in β-cell function are attenuated in *Gcg* ^*gfp/gfp*^ mice deficient in PGDPs.

![*Gcg* ^*gfp/gfp*^ mice fed HFD exhibit glucose intolerance and impaired insulin secretion.\
(A) Insulin tolerance test. Open circles, *Gcg* ^*gfp/+*^ mice; closed circles, *Gcg* ^*gfp/gfp*^ mice (n = 5--7). \*p \< 0.05; \*\*p \< 0.01. (B) Blood glucose levels during IPGTT. Open circles, *Gcg* ^*gfp/+*^ mice; closed circles, *Gcg* ^*gfp/gfp*^ mice (n = 4--6). \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. (C) Plasma insulin levels at 0 min (white bars) and 15 min (black bars) after i.p. glucose loading (n = 4--6). \*\*p \< 0.01; \*\*\*p \< 0.001. (D) Glucose-induced insulin secretion from isolated islets. Isolated islets were stimulated by 2.8 mmol/L glucose (white bars) or 16.7 mmol/L glucose (black bars) for 30 min. Insulin secretion is expressed as the ratio of insulin released into the medium relative to insulin content (n = 6--12). \*\*\*p \< 0.001. Data are presented as means ± SEM.](pone.0138322.g001){#pone.0138322.g001}

To clarify the cause for impaired insulin secretion in *Gcg* ^*gfp/gfp*^ mice, we analyzed the morphology of pancreatic islets and their gene expression. Morphometric analysis revealed that HFD-feeding increased β-cell area in *Gcg* ^*gfp/+*^ mice, but failed to increase β-cell area in *Gcg* ^*gfp/gfp*^ mice ([Fig 2A](#pone.0138322.g002){ref-type="fig"} and [S1 Fig](#pone.0138322.s001){ref-type="supplementary-material"}). Pancreas weight and β-cell mass are shown in [S2](#pone.0138322.s002){ref-type="supplementary-material"} and [S3](#pone.0138322.s003){ref-type="supplementary-material"} Figs, and these data showed that no significant increase in β-cell mass was induced by HFD-feeding in *Gcg* ^*gfp/gfp*^ mice. In addition, HFD-feeding resulted in a 2-fold increase of insulin content in pancreata of *Gcg* ^*gfp/+*^ mice, whereas this increase was diminished in *Gcg* ^*gfp/gfp*^ mice ([Fig 2B](#pone.0138322.g002){ref-type="fig"}). We performed immunostaining for Ki-67 to estimate β-cell proliferation, and observed an increase in Ki-67-positive β-cells in *Gcg* ^*gfp/+*^ mice on an HFD, but not in *Gcg* ^*gfp/gfp*^ mice on the same diet ([Fig 2C](#pone.0138322.g002){ref-type="fig"}). Expression of the pancreatic duodenal homeobox-1 (*Pdx1*) gene, which is an important transcription factor for β-cell proliferation and survival, was up-regulated in islets of *Gcg* ^*gfp/+*^ mice on an HFD. By contrast, up-regulation of *Pdx1* expression by HFD-feeding was not observed in islets of *Gcg* ^*gfp/gfp*^ mice ([Fig 2D](#pone.0138322.g002){ref-type="fig"}). Expression of cyclin D2 and insulin receptor substrate-2 (*Irs2*) did not change significantly by HFD-feeding ([Fig 2D](#pone.0138322.g002){ref-type="fig"}).

![*Gcg* ^*gfp/gfp*^ mice fed HFD fail to show β-cell expansion and increased insulin contents.\
(A) β-cell area is shown as insulin-positive area relative to total pancreas area by morphometric analysis (n = 5--6). (B) Insulin contents in pancreata (n = 6--9). (C) Proliferation of pancreatic β-cells. Percentage of Ki-67-positive β-cells is shown as the number of Ki-67-positive cells relative to insulin-positive islet cells. White bars, mice fed NCD; black bars, mice fed HFD (n = 3--4). \*\*p \< 0.01. (D) mRNA Expression of *Irs2*, *Pdx1*, and *cyclin D2* in islets. White bars, mice fed NCD; black bars, mice fed HFD (n = 4--8). \*p \< 0.05; \*\*p \< 0.01. Data are presented as means ± SEM.](pone.0138322.g002){#pone.0138322.g002}

Body weight and energy metabolism {#sec013}
---------------------------------

Although both *Gcg* ^*gfp/gfp*^ and *Gcg* ^*gfp/+*^ mice on HFD showed an increase in body weight throughout the experimental period, the ratio of weight gain in *Gcg* ^*gfp/gfp*^ mice was lower than in *Gcg* ^*gfp/gfp*^ mice (46.7% vs. 20.1%, [Fig 3A](#pone.0138322.g003){ref-type="fig"}). [S4 Fig](#pone.0138322.s004){ref-type="supplementary-material"} depicts difference in body weight between mice fed NCD and those fed HFD. Body weight gain of *Gcg* ^*gfp/+*^ mice at 15 weeks of HFD-feeding was greater than that of *Gcg* ^*gfp/gfp*^ mice ([Fig 3B](#pone.0138322.g003){ref-type="fig"}). In concordance with our previous study \[[@pone.0138322.ref023]\], under NCD-feeding, both mice showed comparable levels of energy intake, physical activity, *VO* ~*2*~, *VCO* ~*2*~ and RER ([Fig 3C-3E](#pone.0138322.g003){ref-type="fig"}). However, *Gcg* ^*gfp/gfp*^ mice on HFD exhibited higher levels of *VO* ~*2*~, *VCO* ~*2*~ and RER compared to *Gcg* ^*gfp/+*^ mice on the same diet ([Fig 3C-3E](#pone.0138322.g003){ref-type="fig"}). Although energy intake was suppressed in HFD-fed mice relative to the NCD-fed mice, under HFD-feeding, energy intake in *Gcg* ^*gfp/gfp*^ mice was significantly higher than in *Gcg* ^*gfp/+*^ mice ([Fig 3F](#pone.0138322.g003){ref-type="fig"}). These results in addition to the observation that HFD-feeding did not alter physical activity in either mice ([Fig 3G](#pone.0138322.g003){ref-type="fig"}), indicate that *Gcg* ^*gfp/gfp*^ mice retained normal energy expenditure even under HFD-feeding.

![Changes in body weight and quantification of energy expenditure. Indirect calorimetry was analyzed by using CLAMS.\
(A) Body weight changes during HFD feeding. (B) Body weight gain at 15 weeks of HFD-feeding. (C) Oxygen consumption (*VO* ~*2*~). (D) Carbon dioxide output (*VCO* ~*2*~). (E) Respiratory exchange rates (RER). (F) Energy intake. (G) Physical activity. White bars, mice fed NCD; black bars, mice fed HFD (n = 6--8). \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. Data are presented as means ± SEM.](pone.0138322.g003){#pone.0138322.g003}

Analysis of adipose tissue {#sec014}
--------------------------

Given the crucial role of BAT in energy expenditure, we next analyzed histology and gene expression in intrascapular BAT. BAT weight in *Gcg* ^*gfp/gfp*^ mice did not increase by HFD-feeding, whereas HFD-feeding increased BAT weight in *Gcg* ^*gfp/+*^ mice ([Fig 4A](#pone.0138322.g004){ref-type="fig"}). Histological analysis revealed smaller fat droplets and significantly lower triglyceride content in BAT of *Gcg* ^*gfp/gfp*^ mice on HFD than in that of *Gcg* ^*gfp/+*^ mice on the same diet ([Fig 4B and 4C](#pone.0138322.g004){ref-type="fig"}). Under NCD-feeding, *Ucp1* mRNA expression in *Gcg* ^*gfp/gfp*^ BAT was significantly lower than that in *Gcg* ^*gfp/+*^ BAT, while *Dio2* mRNA expression was comparable between the both mice ([Fig 4D](#pone.0138322.g004){ref-type="fig"}). By contrast, HFD-feeding induced a significant increase in *Ucp1* and *Dio2* mRNA only in BAT of *Gcg* ^*gfp/gfp*^ mice ([Fig 4D](#pone.0138322.g004){ref-type="fig"}). These results indicate that accumulation of lipid in BAT induced by HFD-feeding was attenuated in *Gcg* ^*gfp/gfp*^ mice and that expenditure of lipids as an energy source was increased in the BAT of *Gcg* ^*gfp/gfp*^ mice on HFD.

![Analysis of adipose tissue with regard to energy metabolism.\
(A) Intrascapular BAT weights after NCD- or HFD-feeding (n = 6--8). (B) Representative H&E staining of BAT. (C) Triglyceride contents in BAT (n = 4). (D) mRNA expression of *Ucp1*, *Ppargc1a*, and *Dio2* in BAT (n = 5--8). (E) mRNA expression of *Ucp1*, *Ppargc1a*, *Dio2*, *F4/80*, *Mcp1*, *Tnfa*, *Tbx1*, *Cd137*, and *Cidea* in inguinal WAT. White bars, mice fed on a NCD; black bars, mice fed on an HF diet (n = 4--5). \*p \< 0.05; \*\*\*p \< 0.001. Data are presented as means ± SEM.](pone.0138322.g004){#pone.0138322.g004}

We also examined gene expression in inguinal white adipose tissue (iWAT) because brown-like adipocytes have the potential to tilt the energy balance from storage to expenditure \[[@pone.0138322.ref016]\]. We found that HFD-feeding induced mRNA expression of *Ucp1*, and *Ppargc1a*, but not *Cidea* (the classical BAT marker), in iWAT ([Fig 4E](#pone.0138322.g004){ref-type="fig"}). In addition, HFD-feeding induced the expression of *Tbx1* and *Cd137* (molecular markers of brown-like adipocytes) in *Gcg* ^*gfp/gfp*^ mice but not in *Gcg* ^*gfp/+*^ mice. These results indicate that HFD-feeding differentially alters gene expression in iWAT. On the other hand, expression of *F4/80* and *Mcp-1* was induced by HFD feeding in *Gcg* ^*gfp/+*^ mice but not in *Gcg* ^*gfp/gfp*^ mice, suggesting macrophages infiltration in *Gcg* ^*gfp/+*^. These results suggest that, similar to BAT, energy expenditure in iWAT is also enhanced in *Gcg* ^*gfp/gfp*^ mice.

Treatment with GLP-1 receptor agonist liraglutide {#sec015}
-------------------------------------------------

GLP-1 is known to stimulate not only insulin secretion but also β-cell proliferation both *in vivo* and *in vitro* \[[@pone.0138322.ref025]\]. To clarify whether the absence of GLP-1 is responsible for impaired β-cell function in *Gcg* ^*gfp/gfp*^ mice, effect of GLP-1 receptor agonist liraglutide administration at 200 μg/kg, once daily during the last 4 weeks of HFD-feeding, was analyzed. Treatment with liraglutide significantly reduced body weights in both *Gcg* ^*gfp/+*^ and *Gcg* ^*gfp/gfp*^ mice on an HFD ([Fig 5A](#pone.0138322.g005){ref-type="fig"}). The peak blood glucose levels during IPGTT were 32.1±1.6 and 32.1±1.9 in liraglutide-treated *Gcg* ^*gfp/+*^ and *Gcg* ^*gfp/gfp*^ mice, respectively ([Fig 5B](#pone.0138322.g005){ref-type="fig"}). As those in HFD-fed *Gcg* ^*gfp/+*^ and *Gcg* ^*gfp/gfp*^ mice were 47.1±1.7 and 46.8±1.9 respectively (see [Fig 1B](#pone.0138322.g001){ref-type="fig"}), liraglutide significantly improved glucose tolerance in these mice (p\<0.001 and \<0.001 in *Gcg* ^*gfp/+*^ and *Gcg* ^*gfp/gfp*^, respectively). Furthermore, blood glucose levels in liraglutide-treated *Gcg* ^*gfp/+*^ mice were significantly lower than liraglutide-treated *Gcg* ^*gfp/gfp*^ mice at time points later than 60 min after glucose administration ([Fig 5B](#pone.0138322.g005){ref-type="fig"}). These results suggest that *Gcg* ^*gfp/gfp*^ mice are more responsive to GLP-1 administration than the control mice. Although no significant increase in plasma insulin levels to glucose load was observed in liraglutide-treated, HFD-fed *Gcg* ^*gfp/gfp*^ ([Fig 5C](#pone.0138322.g005){ref-type="fig"}), insulin content in these animals was 230.0±21.1 μg/g tissue, which was significantly greater (p\< 0.01) than 118.3 ±12.3 μg/g tissue in HFD-fed *Gcg* ^*gfp/gfp*^ mice (Figs [2B](#pone.0138322.g002){ref-type="fig"} and [5D](#pone.0138322.g005){ref-type="fig"}). Collectively, GLP-1 agonist markedly ameliorated metabolic changes caused by HFD-feeding in the *Gcg* ^*gfp/gfp*^ mice.

![Effect of liraglutide on glucose metabolism. Liraglutide (200 mg/kg) was subcutaneously administered once a day for last 4 weeks of HFD-feeding.\
(A) body weights during liraglutide treatment (n = 6--7). Open circles, liraglutide-treated *Gcg* ^*gfp/+*^ mice on HFD; closed circles, liraglutide-treated *Gcg* ^*gfp/gfp*^ mice on HFD. \*\*p \< 0.01 vs *Gcg* ^*gfp/+*^ mice. ^\#^p \< 0.05; ^\#\#^p \< 0.01 vs. before liraglutide treatment. (B) Blood glucose levels during IPGTT (n = 6--7). Open circles, liraglutide-treated *Gcg* ^*gfp/+*^ mice on HFD; closed circles, liraglutide-treated *Gcg* ^*gfp/gfp*^ mice on HFD. \*p \< 0.05; \*\*\*p \< 0.001 vs. *Gcg* ^*gfp/+*^ mice. (C) Plasma insulin levels 0 min (white bars) and 15 min (black bars) after i.p. glucose loading (n = 6--7). (D) Insulin contents in pancreata. White bars, liraglutide-treated *Gcg* ^*gfp/+*^ mice on HFD; black bars, liraglutide-treated *Gcg* ^*gfp/gfp*^ mice on HFD (n = 5--7). Data are presented as means ± SEM.](pone.0138322.g005){#pone.0138322.g005}

Discussion {#sec016}
==========

Compared to insulin, glucagon has long been dismissed as a minor contributor to diabetes. However, it was recently reported that destruction of β-cells by treatment with streptozotocin in *Gcgr* ^*-/-*^ mice failed to increase blood glucose levels \[[@pone.0138322.ref026]\]. Glucagonocentrism was proposed as a new framework to facilitate such results whereby a lack of insulin was proposed to lead to glucagon excess, in turn causing diabetes abnormalities \[[@pone.0138322.ref027]\]. In the present study, we showed that in spite of a glucagon deficiency, HFD-fed *Gcg* ^*gfp/gfp*^ mice did develop diabetes, which was due to impaired insulin secretion and not insulin resistance. Our results thus indicate that glucagon is not essential for pathogenesis of HFD-induced diabetes and that secondary increases in GLP-1 should play roles in resistance to develop diabetes in other glucagon-deficient models.

Under an insulin-resistant or hyperglycemic condition, β-cell compensates for an increased insulin demand by increasing its capacity for secretion and by expanding its mass \[[@pone.0138322.ref028], [@pone.0138322.ref029]\]. In the present study, we found that such compensation is defective in *Gcg* ^*gfp/gfp*^ mice fed HFD; no increase in capacity of insulin secretion nor any β-cell expansion was observed in these mice. In contrast to *Gcg* ^*gfp/gfp*^ mice, *Gcgr* ^*-/-*^ mice showed improved glucose tolerance upon oral GTT and IPGTT treatment, when compared with wild type mice on HFD \[[@pone.0138322.ref013]\]. It has also been shown that administration of glucagon receptor antagonist for 24--30 days to mice on HFD enhances insulin secretion, increases β-cell mass, and improves glucose tolerance \[[@pone.0138322.ref012]\]. Except for *Gcg* ^*gfp/gfp*^ mice, these glucagon-deficient models exhibits increased GLP-1 levels in circulation \[[@pone.0138322.ref013], [@pone.0138322.ref030]\]. GLP-1 is known to stimulate not only insulin secretion but also β-cell expansion by acting as a growth factor both in experimental animal models as well as cultured β-cells, promoting their proliferation, survival, and differentiation \[[@pone.0138322.ref025]\]. Therefore absence of GLP-1 in *Gcg* ^*gfp/gfp*^ mice should account for defective β-cell compensation.

Indeed, *Glp1r* ^-/-^ mice fed HFD exhibited no significant increase in pancreatic insulin content and β-cell mass \[[@pone.0138322.ref031]\]. Jun et al recently demonstrated that loss of GLP-1 action aggravates glucose tolerance in mice deficient in glucagon receptor \[[@pone.0138322.ref032]\]. In addition, restoration of islet GLP-1 receptor expression enhanced exendin-4-induced β-cell proliferation and expansion of β-cell mass in *Glp1r* ^*-/-*^ mice on HFD \[[@pone.0138322.ref033]\]. Thus, the findings in models with antagonized glucagon action can be explained by elevated GLP-1 levels in circulation. Omar et al. recently reported that treatment with GLP-1 receptor antagonist Exendin 9--39 in streptozotocin-treated *Gcgr* ^*-/-*^ mice significantly increased the glycemic excursion during OGTT \[[@pone.0138322.ref034]\]. It is in this context that we assumed that administration of GLP-1 receptor agonist liraglutide should improve β-cell function in *Gcg* ^*gfp/gfp*^ mice on an HFD. Indeed, liraglutide treatment for 4 weeks enhanced insulin secretion and pancreatic insulin content in HFD-fed *Gcg* ^*gfp/gfp*^ mice. These results therefore indicate that GLP-1 deficiency contributes to the failure of β-cell compensation in the face of increased insulin demand.

In the present study, *Gcg* ^*gfp/gfp*^ mice fed HFD showed resistance to diet-induced obesity. Energy expenditure in *Gcg* ^*gfp/gfp*^ mice fed HFD was higher than that in *Gcg* ^*gfp/+*^ mice on an HFD, and expression of *Ucp1* and *Dio2* were markedly increased in the BAT of *Gcg* ^*gfp/gfp*^ mice on the HFD. These results suggest that proglucagon-derived peptides promote diet-induced obesity through unknown mechanisms. The exact role of proglucagon-derived peptides in diet-induced obesity is still poorly understood. Previous studies on the effect of exogenous glucagon administration on energy expenditure have suggested that glucagon has beneficial effects on the regulation of body weight and energy expenditure \[[@pone.0138322.ref017], [@pone.0138322.ref018]\]. We have also recently reported that endogenous glucagon is essential for adaptive thermogenesis \[[@pone.0138322.ref021]\]. Furthermore, HFD-induced body weight gain in *Gcgr* ^*-/-*^ mice was lower than control mice due to the reduction of energy intake \[[@pone.0138322.ref013]\]. Although several line of evidence suggests that GLP-1 plays some roles in resistance to diet-induced obesity, *Glp1r* ^*-/-*^ mice exhibited resistance to diet-induced obesity due to enhanced physical activity and increased energy expenditure \[[@pone.0138322.ref035], [@pone.0138322.ref036]\]. Studies using administration of GLP-1 agonists and/or antagonists have also provided controversial results on the role of GLP-1 in energy expenditure \[[@pone.0138322.ref037]--[@pone.0138322.ref040]\]. Our findings, therefore, provide a possibility that combined action of PGDPs is involved in diet-induced obesity via the suppression of BAT activity.

We showed that HFD-feeding induced browning of iWAT in *Gcg* ^*gfp/gfp*^ mice but not in *Gcg* ^*gfp/+*^ mice, and that inflammation of iWAT in *Gcg* ^*gfp/gfp*^ mice was much less severe than in *Gcg* ^*gfp/+*^ mice. Brown-like adipocytes develop in WAT in response to cold exposure or β-adrenergic stimulation \[[@pone.0138322.ref041]\]. While induction of browning of WAT by HFD, has not been widely recognized, it was recently reported that prolactin deficient mice exhibit brite adipocytes development in perirenal WAT upon HFD-feeding \[[@pone.0138322.ref042]\]. The mechanisms underlying the induction of iWAT browning under HFD-feeding remain unknown. Recently, Sakamoto et al. reported that inflammation induced by RAW macrophages suppresses *Ucp1* mRNA induction in 10T1/2 adipocytes \[[@pone.0138322.ref043]\]. Our results therefore suggest that the depletion of proglucagon-derived peptides suppresses the inflammation in iWAT, thereby inducing browning of WAT under HFD-feeding.

In the present study, we showed that mice deficient in proglucagon-derived peptides are resistant to diet-induced obesity but develop diabetes mellitus due to defective β-cell compensation, indicating that glucagon is not a prerequisite for development of diet-induced diabetes. Furthermore, our results demonstrate that GLP-1 is responsible for β-cell compensation triggered by increased insulin demand. Intriguingly, the absence of PGDPs appears to play a pivotal role in facilitating resistance to diet-induced obesity, increased energy expenditure, conserved BAT function, and browning of inguinal WAT. Here, we have unveiled novel aspects of the physiological action of PGDPs, particularly in the functional regulation of adipose tissue.
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###### Representative section from *Gcg* ^*gfp/+*^ (upper) and *Gcg* ^*gfp/gfp*^ (lower) mice.

Sections were immunostained for insulin (red) and shown with autofluororescence of GFP (green). NCD, mice fed a normal-chow diet; HFD, mice fed a high-fat-diet.
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###### 

Click here for additional data file.

###### Pancreatic weight.

\(A\) Pancreatic weight (B) Pancreatic weight is shown as pancreatic weight relative to body weight (BW). White bars, mice fed NCD; black bars, mice fed HFD (n = 5--6). \*p \< 0.05; \*\*\*p \< 0.001. Data are presented as means ± SEM.
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###### 

Click here for additional data file.

###### β-cell mass (%).

β-cell mass (mg) is shown as β-cell area (%) multiplied by pancreatic weight. White bars, mice fed NCD; black bars, mice fed HFD (n = 5--6). \*\*\*p \< 0.001. Data are presented as means ± SEM.

(TIFF)

###### 

Click here for additional data file.

###### Body weight gain on HFD.

ΔBW is shown as the difference of body weight (BW) between mice on NCD and mice on HFD at each time point. Open circles, Gcg^gfp/+^ mice; closed circles, Gcg^gfp/gfp^ mice (n = 5--6). \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. Data are presented as means ± SEM.
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###### 

Click here for additional data file.
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